INTRODUCTION
============

The presence of DNA in endosome or the cytosol is a danger signal for the innate immune system. These DNA molecules, including exogenous DNA derived from invading pathogens, endogenous inappropriately aggregated self-DNA and even possibly cellular retrotransposons, can be recognized by DNA sensing systems to initiate innate immune responses ([@b1-molce-38-5-441]; [@b15-molce-38-5-441]; [@b42-molce-38-5-441]). Multiple studies have shown that recognition of cytosolic DNA induces IFN-I production and indirectly activates the JAK1-STAT1 signaling which plays critical roles in the pathogenesis of infection, inflammation and autoimmune diseases by promoting B cell activation and antibody responses ([@b32-molce-38-5-441]; [@b39-molce-38-5-441]; [@b50-molce-38-5-441]; [@b52-molce-38-5-441]).

A recently identified adaptor protein, the stimulator of interferon genes protein (STING), exhibits a vital role in DNA-triggered signaling pathways ([@b33-molce-38-5-441]; [@b51-molce-38-5-441]; [@b65-molce-38-5-441]). STING can activate the innate immune responses via induction of IFN-I through a well-characterized pathway involving TBK1 and interferon regulatory factor 3 (IRF3) ([@b15-molce-38-5-441]). A series of studies have established the essential roles of STING in innate immune responses ([@b17-molce-38-5-441]; [@b33-molce-38-5-441]; [@b60-molce-38-5-441]). Although DNA can indirectly activate the JAK1-STAT1 signaling by inducing the production of type I IFN, it remains unknown whether DNA can directly activate the JAK1-STAT1 signaling and the role of STING plays in this process.

In the canonical JAK1-STAT1 signaling, binding of IFN-α to its receptor results in phosphorylation of IFN-α receptor 1 (IFNAR1) and subsequent association of phosphorylated receptor complex with signal transducer and activator of transcription (STATs) 1 and 2 ([@b57-molce-38-5-441]; [@b62-molce-38-5-441]). The phosphorylated STAT1-STAT2 heterodimer translocates to nucleus and complexes with IFN-regulatory factor 9 (IRF9) to form a specific transcription complex IFN-stimulated gene factor 3 (ISGF3) ([@b23-molce-38-5-441]). ISGF3 binds to a highly conserved cis-acting DNA sequence called IFN-stimulated response element (ISRE) sequence (AGTTTCNNTTTCNC, N can represent any nucleotide) in the promoters of IFN-stimulated genes (ISGs) ([@b44-molce-38-5-441]). Representative ISGs encodes proteins include interferon-induced proteins with tetratricopeptide repeats 1 (IFIT1), myxovirus resistance protein 1 (MX1), 2′,5′ -oligoadenylate synthetase 1 (OAS1), and interferon-induced protein 44 (IFI44). IFIT1 is involved in many processes of cellular functions, including regulation of transcription, translation and inflammatory response ([@b25-molce-38-5-441]; [@b26-molce-38-5-441]). MX1 antagonizes the replication process of several different RNA and DNA viruses ([@b30-molce-38-5-441]). OAS1, as a member of the 2′,5′-oligoadenylate synthetase family, is the central in innate immune system detection of cytoplasmic double-stranded RNA (dsRNA) and promotion of host antiviral responses ([@b36-molce-38-5-441]; [@b56-molce-38-5-441]). Mutations in this gene have been associated with host susceptibility to viral infection. IFI44 contributes to the interferon-induced inhibition of *bunyamwera orthobunyavirus* replication ([@b16-molce-38-5-441]; [@b29-molce-38-5-441]).

In particular, many proteins and tyrosine phosphatases, such as SHP-1, SHP-2 and Lyn, are implicated in the regulation of JAK1-STAT1 signaling ([@b5-molce-38-5-441]; [@b12-molce-38-5-441]; [@b14-molce-38-5-441]). SHP-1 has been shown to inhibit tyrosine phosphorylation of JAK kinases following their recruitment to receptor complexes ([@b37-molce-38-5-441]). SHP-2 can bind JAK1 and JAK2, and directly dephosphorylates JAKs ([@b64-molce-38-5-441]). The Lyn kinase is able to influence the phosphorylation of JAK and STAT proteins ([@b4-molce-38-5-441]; [@b49-molce-38-5-441]).

As is well known, the activation of JAK1-STAT1 signaling plays a critical role in the pathogenesis of systemic lupus erythematosus (SLE), a typical autoimmune disease ([@b41-molce-38-5-441]; [@b55-molce-38-5-441]). B cells from both patients with SLE and MRL/*lpr* mice display a higher activation level of JAK1-STAT1 signaling ([@b10-molce-38-5-441]). Notably, dsDNA plays a vital role in the pathogenesis of SLE through triggering the innate immune activation and promoting the auto-reactive Ig production ([@b20-molce-38-5-441]; [@b27-molce-38-5-441]; [@b58-molce-38-5-441]). Interestingly, recent studies show that deletion of STING does not prevent the autoantibody production in DNaseII^−/−^/IFNAR^−/−^ mice ([@b9-molce-38-5-441]). Moreover, another study show that STING plays a negative role in the pathogenesis of SLE and STING deficiency leads to increased autoantibody production ([@b47-molce-38-5-441]). These findings hint that STING may play a negative role in regulating the antibody responses in B cells. Considering the important role of JAK1-STAT1 signaling in regulating antibody responses in B cells, it is essential to investigate the association between STING and the activation of JAK1-STAT1 signaling in B cells.

We report here that STING negatively regulates the activation of JAK1-STAT1 signaling directly triggered by dsDNA. We found that dsDNA could directly activate the JAK1-STAT1 signaling by inducing the phosphorylation of the Lyn kinase, whereas STING inhibited this response by phosphorylating SHP-1 and SHP-2. Furthermore, we demonstrated that STING expression in B cells from both patients with SLE and MRL/lpr mice was significantly lower than that from healthy donors and wild-type mice, respectively. These results reveal a critical role of STING in regulating dsDNA-triggered activation of the JAK1-STAT1 signaling in B cells and highlight the close associations of STING low-expression with JAK1-STAT1 signaling activation in SLE B cells.

MATERIAL AND METHODS
====================

Isolation of human peripheral blood mononuclear cells
-----------------------------------------------------

Whole blood was obtained with written informed consent from each patient and healthy subject. All SLE patients were diagnosed according to the criteria set out by American College of Rheumatology revised criteria in 1997. Disease activity was evaluated using the SLE Disease Activity Index (SLEDAI) with a cutoff of ≥ 8 that was used to define active disease. For flow cytometric analysis, 2 ml whole blood of each person were recruited from eight healthy subjects with a mean age of 28 ± 6 years and eight SLE patients with a mean age of 28 ± 7 years. For B cells culture, 200 ml whole blood of healthy subjects were recruited. Human peripheral blood mononuclear cells (PBMCs) were separated from plasma by Ficoll centrifugation (Lymphoprep, Nycomed, Oslo, Norway) according to the standard procedures. The study protocol was approved by the research ethics committee of Nanjing University.

Purification of human CD19^+^ B cells
-------------------------------------

B cells were purified from PBMCs by labeling cells with CD19 microBeads and positively selecting CD19^+^ B cells (Miltenyi Biotec, Germany). The purity of B cells was always above 97%. For *in vitro* experiments, isolated human CD19+ B cells were cultured in RPMI 1640 medium containing 10% FBS and stimulated with TLR7 ligand R848 (1 μg/ml, Enzo Life Sciences International), TLR9 ligand CpG-2006S (0.3 μM, Invitrogen), AffiniPure F(ab')~2~ Fragment Goat Anti-human IgM (10 μg/ml, Jackson ImmunoResearch Laboratories) or human IFN-α (1000 U/ml, Millipore). The study protocol was approved by the research ethics committee of Nanjing University.

Mice
----

Female C57BL/6 mice, which were used to isolate B cells, were 6--8 weeks old and obtained from Model Animal Research Center at Nanjing University. Female C57BL/6 mice (n = 10) and MRL/*lpr* lupus-prone mice (n = 9), 6--8 weeks old, were also obtained from Model Animal Research Center at Nanjing University and sacrificed at 22--24 weeks old. All mice were maintained under specific pathogen-free conditions. All experiments were conducted in accordance with institutional guidelines for animal care and performed based on the Guide for the Animal Care Committee at Nanjing University.

Purification of murine splenic B cells
--------------------------------------

Lymphocytes of spleen were isolated by ficoll density centrifugation according to standard procedures. B cells were purified using the mouse B cell Isolation Kit (Miltenyi Biotec, USA) and the purity of obtained B cells was always above 92 %. Purified B cells were cultured in RPMI 1640 medium containing 10 % FBS and stimulated with TLR7 ligand R848 (1 μg/ml, Enzo Life Sciences International), TLR9 ligand CpG-1826 (0.3 μM, Invitrogen), AffiniPure F(ab′)~2~ Fragment Goat Anti-mouse IgM (10 μg/ml, Jackson ImmunoResearch Laboratories) or mouse IFN-α (1000 U/ml, eBioscience).

Cell culture
------------

Human B cell line BJAB and Daudi, and human T cell line Jurkat were cultured in RPMI 1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum. Human HeLa cell line and the HEK293T cell line were cultured in DMEM (Gibco, USA) supplemented with 10% fetal bovine serum. Human mesenchymal stem cells were cultured in DMEM/F12 (Gibco, USA) supplemented with 10% fetal bovine serum. All the cells were maintained in 5% CO~2~ at 37°C.

Transfection
------------

The nucleofector device (Amaxa, Germany) and cell line kit V (Amaxa Biosystems, USA) were used to transfect poly(dA:dT) (Sigma, USA), poly(dG:dC) (Invivogen, USA) or ISD (Invivogen, USA) into BJAB and Jurkat cells. Transfection efficiency, as determined by green fluorescent protein expression in parallel plates, varied between 50% and 60%. Transfection of HeLa, MSCs and HEK293T cells with poly(dA:dT), poly(dG:dC) or ISD was done using Lipofectamine 2000 (Invitrogen, USA) according to standard procedures.

Reverse transcription PCR (RT-PCR) and quantitative real-time PCR (qPCR) analysis
---------------------------------------------------------------------------------

Total RNA was extracted using TRIZOL (Invitrogen, USA) according to the manufacturer's instructions. Q-PCR assays of mRNA were carried out on a StepOne Plus real-time polymerase chain reaction system or ABI Vii 7 detection system (Applied Biosystems, USA) using SYBR Green PCR Master Mix. The 2^−ΔΔCt^ method was used for real-time PCR gene expression analysis. All quantification data are presented as a ratio to the GAPDH level.

Western blot analysis
---------------------

Proteins were extracted using lysis buffer, and the concentration of each sample was detected using the BCA protein assay kit (Pierce Chemical, USA). Appropriate amount of proteins (60 μg) were electrophoresed on SDS polyacrylamide gels with tris-glycine running buffer and electrically transferred onto polyvinylidene difluoride membranes (MilliporeCorp, USA). After blocking with 3% (w/v) bovine serum albumin (BSA) in tris buffered saline (TBS)/Tween-20 (Bio-Rad Laboratories, USA) for 1 h, the membranes were washed and then incubated with primary antibodies against phos-STAT1, total STAT1, phos-JAK1, total JAK1, Lyn, phos-SHP-1, total SHP-1, phos-SHP-2, total SHP-2 and STING (Cell Signaling Technology, USA, all dilution at 1:1,000) over night at 4°C. After washing, the membranes were incubated with the secondary antibody AffiniPure Goat Anti-Rabbit IgG(H+L) purchased from Beyotime Institute of Biotechnology (China) (dilution at 1:3,000) for 1 h at room temperature. The ECL Plus western blotting detection reagents (Millipore, USA) were used to visualize protein expressions. The antibody to the control protein GAPDH (dilution at 1:1,000) was purchased from Cell Signaling Technology (USA). Integrated density values were then calculated using an AlphaI-mager 3400 (Alpha Innotech).

Phenotype and intracellular protein analysis by flow cytometry
--------------------------------------------------------------

For phenotype staining, cells were washed twice with phosphate buffered saline (PBS) containing 1% FBS and 0.1% NaN~3~. Then cells were incubated for 30 min at 4°C with human CD19-APC antibody (Miltenyi Biotec, USA) according to the standard procedure. For intracellular staining, cells were washed twice with PBS containing 1% FBS and 0.1% NaN~3~. Then cells were resuspended with pulse vortex and 100 μl IC Fixation Buffer (eBioscience, USA) was added. After incubating at 4°C for 20 min in the dark, cells were washed twice with 2 ml Permeabilization Buffer (eBioscience, USA) and centrifuged. Next, intracellular staining was performed in 100 μl of Permeabilization Buffer by using STING Ab (dilution at 1:100, Abcam). After incubating for 20 min in the dark at room temperature, cells were incubated with FITC-conjugated F(ab′)~2~ Donkey Anti-mouse IgG H&L antibody (dilution at 1:2,000, Miltenyi Biotec, USA) for 20 min in dark at room temperature. After washing for twice with 2 ml Permeabilization Buffer, cells were analyzed by FACS Calibur (Becton Dickinson). An isotype control was used for each antibody. Data analysis was performed using the FlowJo (TreeStar, USA).

Luciferase assay
----------------

BJAB cells were co-transfected with ISRE luciferase reporter plasimd (2 μg, Promega, USA) and renilla luciferase reporter plasmids (0.2 μg, Promega, USA) for 24 h and then transfected with poly(dA:dT), poly(dG:dC) or ISD. The cells were harvested in luciferase assay lysis buffer 18 h later, and the luciferase activity was measured according to the manufacturer's protocol (Promega, USA). Values for luciferase activity were normalized to renilla luciferase activity. In all cases, data represent the average values of triplicate samples normalized to co-transfected renilla luciferase activity and are expressed as a percentage of the control stimulated sample value.

Plasmid construct and transfection
----------------------------------

Human STING cDNA was PCR-amplified using the primer pair: FP: 5-CCCAAGCTTGATGCCCCACTCCAGCCT-3, RP: 5-CCGCTCGAGCTCAAGAAATCCGTGC-3. The product was cloned into the *Bam*H1/*Hin*dIII sites of pcDNA3.1-Myc-His (Invitrogen, USA), resulting in STING-containing pcDNA3.1. Then STING-containing pcDNA3.1 plasmid (2 μg) was transfected into BJAB cells using the nucleofector device (Amaxa, Germany) and cell line kit V (Amaxa Biosystems, USA). Empty vector were transfected as matched control. At 36th h after transfection, cells were harvested and used for subsequent experiments.

Small interfering RNA (siRNA)
-----------------------------

The siRNA sequences used for silencing STING, Lyn, AIM2, cGAS, LRRFIP1 and ZBP1 were purchased from RIBOBIO (China). The nucleofector device (Amaxa, Germany) and cell line kit V (Amaxa Biosystems, USA) were used to transfect siRNA duplexes into BJAB cells. Negative control of siRNA was transfected as matched control. Cells were harvested at 36th hour after transfection and used for subsequent experiments.

Statistical analysis
--------------------

All values in the graphs were given as means plus or minus standard error of the mean (SEM). Significance was assessed by using the Student Neuman-Keuls multiple comparison tests for unequal replications. Student's *t*-test was used to compare the two groups. *P* values \< 0.05 were considered significant.

RESULTS
=======

dsDNA directly activates the JAK1-STAT1 signaling
-------------------------------------------------

Previous studies have shown that dsDNA indirectly activates the JAK1-STAT1 signaling by promoting the production of type I IFN ([@b15-molce-38-5-441]). To explore whether dsDNA can directly activate the JAK1-STAT1 signaling in B cells, we transfected the synthetic dsDNA analogs, including poly(dA:dT) (B-form DNA), poly(dG:dC) (Z-form DNA) and ISD (interferon stimulatory DNA), into the human B cell line BJAB cells for 6 h. As shown in [Fig. 1A](#f1-molce-38-5-441){ref-type="fig"}, transfection with poly(dA:dT), poly(dG:dC) or ISD could induce considerable expression of IFIT1, MX1, OAS1 and IFI44. In addition, dsDNA also induced the expression of IFIT1, MX1, OAS1 and IFI44 in another human B cells line Daudi cell (Data not shown). To investigate whether this phenomenon is widespread in different cell types, we transfected poly(dA:dT), poly(dG:dC) and ISD into Jurkat, hMSC, HEK293T and HeLa cells, and detected the expression of IFIT1, MX1, OAS1 and IFI44. As shown in [Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}, transfection with poly(dA:dT), poly(dG:dC) or ISD could also significantly induce considerable expression of downstream genes of JAK1-STAT1 signaling pathway in Jurkat, hMSC, HEK293T and HeLa cells. These results suggest that dsDNA can indeed induce the expression of JAK1-STAT1 signaling pathway downstream genes in different types of cells.

To investigate whether the induction of JAK1-STAT1 signaling downstream genes by dsDNA is related to the activation of JAK1-STAT1 signaling, we next detected the effect of poly(dA:dT), poly(dG:dC) and ISD on ISRE-luciferase reporter gene activity. BJAB cells were transfected with ISRE-luciferase activity reporter for 36 h and then transfected with poly(dA:dT), poly(dG:dC) or ISD. The ISRE-luciferase reporter gene activity was detected at 18th hour. Expectedly, the ISRE-luciferase reporter gene activity was significantly enhanced by transfection with poly(dA:dT), poly(dG:dC) or ISD ([Fig. 1B](#f1-molce-38-5-441){ref-type="fig"}). Moreover, we detected the phosphorylation levels of JAK1 and STAT1 in the cells transfected with poly(dA:dT), poly(dG:dC) or ISD. Strikingly, the phosphorylation levels of JAK1 and STAT1 increased rapidly at 15 min and 30 min ([Fig. 1C](#f1-molce-38-5-441){ref-type="fig"}), indicating that dsDNA can directly trigger the activation of the JAK1-STAT1 signaling in B cells.

To further confirm this phenomenon, BJAB cells were treated with STAT1 inhibitor Fludarabine and JAK1 inhibitor Baricitinib for 1 h prior to transfection with poly(dA:dT), poly(dG:dC) or ISD. Intriguingly, both of the STAT1 inhibitor Fludarabine and the JAK1 inhibitor Baricitinib significantly reduced dsDNA-induced expression of IFIT1, MX1, OAS1 and IFI44 ([Fig. 1D](#f1-molce-38-5-441){ref-type="fig"}). All of these results suggest that dsDNA can directly activate the JAK1-STAT1 signaling in B cells.

dsDNA activates the JAK1-STAT1 signaling through Lyn and in an interferon α/β receptors-independent manner
----------------------------------------------------------------------------------------------------------

Considering that poly(dA:dT) shows a better effect on activating the JAK1-STAT1 signaling compared with poly(dG:dC) and ISD, we focused on exploring the mechanism of poly(dA:dT)-activated JAK1-STAT1 signaling in this study. As is known, type I IFN binds to the interferon α/β receptors (IFNAR) and stimulates JAK1 and STAT1 tyrosine phosphorylation ([@b22-molce-38-5-441]; [@b44-molce-38-5-441]). To evaluate the effect of transactivation by IFNAR on poly(dA:dT)-activated JAK1-STAT1 signaling, BJAB cells were pre-incubated with the anti-IFNAR neutralizing antibody for 30 min prior to transfected with poly(dA:dT). As shown in [Supplementary Fig. S2](#SD1){ref-type="supplementary-material"}, the neutralizing antibody could significantly inhibit IFN-α-induced expression of IFIT1, MX1, OAS1 and IFI44, while it didn't affect poly(dA:dT)-induced expression of IFIT1, MX1, OAS1 and IFI44 ([Fig. 2A](#f2-molce-38-5-441){ref-type="fig"}). Moreover, IFN-α-induced phosphorylation of JAK1 was abrogated in cells treated with the neutralizing antibody, whereas there was no inhibitory effect of the antibody on poly(dA:dT)-induced phosphorylation of JAK1 ([Fig. 2B](#f2-molce-38-5-441){ref-type="fig"}). These data indicate that poly(dA:dT)-triggered activation of JAK1-STAT1 signaling is independent of IFNAR.

To investigate the mechanism of poly(dA:dT) on activating the JAK1-STAT1 signaling, we focused on the Src family kinase Lyn, which has been shown to influence the phosphorylation of the JAK and STAT proteins ([@b49-molce-38-5-441]). BJAB cells were pretreated with Lyn inhibitor Saracatinib for 1 h and then transfected with poly(dA:dT). As shown in [Fig. 2C](#f2-molce-38-5-441){ref-type="fig"}, the expression of IFIT1, MX1, OAS1 and IFI44 induced by poly(dA:dT) was significantly inhibited by Saracatinib. Moreover, poly(dA:dT)-induced phosphorylation of JAK1 was also significantly inhibited by Saracatinib ([Fig. 2D](#f2-molce-38-5-441){ref-type="fig"}). To further confirm the role of Lyn in regulating poly(dA:dT)-activated JAK1-STAT1 signaling, the expression of Lyn was down-regulated using siRNA in BJAB cells ([Supplementary Fig. S3](#SD1){ref-type="supplementary-material"}). BJAB cells were transfected with si-Lyn or si-NC for 36 h and then transfected with poly(dA:dT). Strikingly, Lyn knockdown could not only significantly inhibit poly(dA:dT)-induced expression of IFIT1, IFI44, MX1 and OAS1 but also significantly inhibit the phosphorylation of JAK1 triggered by poly(dA:dT) ([Figs. 2E](#f2-molce-38-5-441){ref-type="fig"} and [2F](#f2-molce-38-5-441){ref-type="fig"}). Together with the results presented in [Fig. 1](#f1-molce-38-5-441){ref-type="fig"}, these results provide evidence that poly(dA:dT)-triggered activation of JAK1-STAT1 signaling requires Lyn and is independent of IFNAR.

STING inhibits the activation of JAK1-STAT1 signaling triggered by dsDNA
------------------------------------------------------------------------

STING is known to control the induction of cytokines by aberrant cytosolic DNA species ([@b15-molce-38-5-441]; [@b33-molce-38-5-441]). Considering the importance of STING in mediating DNA recognition, we next queried the role of STING in dsDNA-triggered activation of the JAK1-STAT1 signaling. We down-regulated STING expression in BJAB cells using siRNA against STING ([Supplementary Figs. S4A and S4B](#SD1){ref-type="supplementary-material"}). BJAB cells were transfected with si-STING or si-NC for 36 h and then transfected with poly(dA:dT). Interestingly, STING knockdown significantly promoted the expression of IFIT1, IFI44, MX1 and OAS1 ([Fig. 3A](#f3-molce-38-5-441){ref-type="fig"}), and phosphorylation of JAK1([Fig. 3B](#f3-molce-38-5-441){ref-type="fig"}) triggered by poly(dA:dT), relative to the response in control cells.

To further investigate the role of STING in regulating dsDNA-activated JAK1-STAT1 signaling, we over-expressed STING in BJAB cells by transfecting the pcDNA3.1-STING plasmid into the cells ([Supplementary Figs. S4C and S4D](#SD1){ref-type="supplementary-material"}). BJAB cells were transfected with pcDNA3.1-STING plasmid or control for 36 h and then transfected with poly(dA:dT). Consistently, over-expression of STING could not only significantly inhibited poly(dA:dT)-induced expression of IFIT1, IFI44, MX1 and OAS1 but also inhibited poly(dA:dT)-induced phosphorylation of JAK1, relative to the response in control cells ([Figs. 3C](#f3-molce-38-5-441){ref-type="fig"} and [3D](#f3-molce-38-5-441){ref-type="fig"}). Since several DNA sensors, such as AIM2, cGAS, LRRFIP1 and ZBP1, can recognize poly(dA:dT) and activate STING ([@b18-molce-38-5-441]; [@b31-molce-38-5-441]; [@b53-molce-38-5-441]; [@b63-molce-38-5-441]), we next investigated the role of AIM2, cGAS, LRRFIP1 and ZBP1 in poly(dA:dT)-triggered activation of JAK1-STAT1 signaling. The expression of AIM2, cGAS, LRRFIP1 and ZBP1 were down-regulated by siRNA ([Supplementary Fig. S5A](#SD1){ref-type="supplementary-material"}). To investigate the effect of AIM2, cGAS, LRRFIP1 and ZBP1 knockdown on poly(dA:dT)-triggered activation of JAK1-STAT1 signaling, BJAB cells were transfected with siRNA against AIM2, cGAS, LRRFIP1 or ZBP1 for 48 h prior to transfection with poly(dA:dT). Expectedly, knockdown of AIM2, cGAS, LRRFIP1 or ZBP1 promoted poly(dA:dT)-induced expression of IFIT1, IFI44, MX1 and OAS1, relative to the response in control cells ([Supplementary Fig. S5B](#SD1){ref-type="supplementary-material"}). Moreover, phosphorylation of JAK1 triggered by poly(dA:dT) was also promoted by knockdown of AIM2, cGAS, LRRFIP1 or ZBP1, relative to the response in control cells ([Supplementary Fig. S5C](#SD1){ref-type="supplementary-material"}). All of these results suggest that STING plays a negative role in regulating the activation of JAK1-STAT1 signaling triggered by dsDNA.

STING inhibits dsDNA-activated JAK1-STAT1 signaling by inducing SHP-1 and SHP-2 phosphorylation
-----------------------------------------------------------------------------------------------

Since SHP-1 and SHP-2 have been shown to directly dephosphorylate JAKs ([@b64-molce-38-5-441]), we next explored the role of SHP-1 and SHP-2 in STING-mediated inhibition of the activation of JAK1-STAT1 signaling. BJAB cells were transfected with siRNA against STING or control for 36 h and then transfected with poly(dA:dT) for 15 min. Intriguingly, poly(dA:dT) significantly induced the phosphorylation of SHP-1 and SHP-2, whereas STING knockdown inhibited the phosphorylation of SHP-1 and SHP-2 induced by poly(dA:dT) ([Fig. 4A](#f4-molce-38-5-441){ref-type="fig"}). These results indicate that STING can promote the phosphorylation of SHP-1 and SHP-2 triggered by poly(dA:dT).

Next we evaluated the effect of SHP-1 and SHP-2 on regulating poly(dA:dT)-activated JAK1-STAT1 signaling. BJAB cells were treated with SHP-1/2 inhibitor NSC-87877 for 1 h prior to transfection with poly(dA:dT). Strikingly, NSC-87877 not only promoted poly(dA:dT)-induced expression of IFIT1, MX1, OAS1 and IFI44 ([Fig. 4B](#f4-molce-38-5-441){ref-type="fig"}) but also increased the phosphorylation level of JAK1 induced by poly(dA:dT) ([Fig. 4C](#f4-molce-38-5-441){ref-type="fig"}), indicating that SHP-1/2 is involved in dsDNA-triggered activation of JAK1-STAT1 signaling.

Since STING can promote the phosphorylation of SHP-1/2 which are involved in poly(dA:dT)-activated JAK1-STAT1 signaling, we next investigated whether the function of STING on inhibiting the activation of JAK1-STAT1 signaling depends on SHP-1/2. BJAB cells were transfected with pcDNA3.1-STING plasmid or control for 36 h and then treated with NSC087877 for 1 h prior to transfection with poly(dA:dT). As shown in [Fig. 4D](#f4-molce-38-5-441){ref-type="fig"}, NSC-87877 markedly reversed the inhibition function of STING on poly(dA:dT)-induced expression of IFIT1, MX1, OAS1 and IFI44. Furthermore, NSC-87877 also significantly reversed the inhibition function of STING on poly(dA:dT)-induced phosphorylation of JAK1 ([Fig. 4E](#f4-molce-38-5-441){ref-type="fig"}). All of these results indicate that SHP-1/2 are required for STING to inhibit the activation of JAK1-STAT1 signaling triggered by poly(dA:dT).

STING is low-expressed in B cells from patients with SLE and MRL/*lpr mice*
---------------------------------------------------------------------------

Since STING plays a negative role in dsDNA-triggered activation of JAK1-STAT1 signaling in B cells, we next detected the expression of STING in B cells from patients with SLE and MRL/*lpr* mice. PBMCs from patients with SLE and healthy donors were collected and the expression of STING in CD19^+^ B cells was detected by intracellular FACS analysis. As shown in [Fig. 5A](#f5-molce-38-5-441){ref-type="fig"}, patients with SLE showed a lower expression level of STING in B cells compared with healthy donors. We also detected the expression of STING in splenic B cells from MRL/*lpr* mice and wild-type mice by qPCR. Consistently, MRL/*lpr* mice showed a lower expression level of STING ([Fig. 5B](#f5-molce-38-5-441){ref-type="fig"}). These results demonstrate that the expression of STING is down-regulated in B cells from patients with SLE and MRL/*lpr* mice. Furthermore, we detected the phosphorylation of JAK1, SHP-1 and SHP-2 in B cells isolated from spleen of MRL/*lpr* mice and wild-type mice. Intriguingly, compared with wild-type mice, MRL/*lpr* mice showed a significantly higher level of p-JAK1 and lower phosphorylation levels of SHP-1 and SHP-2 in B cells ([Fig. 5C](#f5-molce-38-5-441){ref-type="fig"}).

To identify the molecular events leading to STING down-regulation in SLE B cells, we first detected the effect of dsDNA on STING expression. BJAB cells were transfected with poly(dA:dT) for different times and then STING expression was detected. As shown in [Fig. 5D](#f5-molce-38-5-441){ref-type="fig"}, transfection with poly(dA:dT) could significantly down-regulate the expression of STING. TLR7-, TLR9-, BCR- and IFN-α-mediated signaling pathways were aberrantly activated in B cells from patients with SLE and lupus-prone mice ([@b6-molce-38-5-441]; [@b11-molce-38-5-441]; [@b19-molce-38-5-441]; [@b38-molce-38-5-441]), we then detected the effect of TLR7-, TLR9-, BCR- and IFN-α-mediated signaling pathways on STING expression. Human CD19^+^ B cells were stimulated with TLR7 ligand R848, TLR9 ligand CpG2006S, BCR ligand anti-human IgM F(ab')~2~ fragments and human IFN-α, and then the expression of STING was detected using qPCR. As shown in [Fig. 5E](#f5-molce-38-5-441){ref-type="fig"}, the expression of STING was significantly down-regulated by R848, CpG2006S and anti-human IgM F(ab')~2~ fragments rather than IFN-α at 16 h. What's more, we also detected the effect of TLR7-, TLR9-, BCR- and IFN-α-mediated signaling pathways on regulating STING expression in murine B cells. Murine B cells were stimulated with R848, CpG1826, anti-mouse IgM F(ab')~2~ fragments and mouse IFN-α, and then STING expression was detected using qPCR. Consistently, STING was significantly down-regulated by R848, CpG1826 and anti-mouse IgM F(ab')~2~ fragments rather than IFN-α ([Fig. 5F](#f5-molce-38-5-441){ref-type="fig"}). These findings indicate that dsDNA, TLR7-, TLR9- and BCR-mediated signaling pathways maybe related to the low-expression of STING in B cells from patients with SLE and MRL/*lpr* mice. These results may highlight the close associations of STING low-expression with the JAK1-STAT1 signaling in B cells and the pathogenesis of systemic lupus erythematosus. Taken together, dsDNA directly activate the JAK1-STAT1 signaling via Lyn, while STING inhibits dsDNA-activated JAK1-STAT1 signaling by phosphorylating SHP-1/2 ([Fig. 5G](#f5-molce-38-5-441){ref-type="fig"}). Low-expression of STING in B cells from patients with SLE and MRL/*lpr* mice may contribute to the activation of JAK1-STAT1 signaling in B cells and the pathogenesis of SLE.

DISCUSSION
==========

dsDNA can trigger the production of type I IFN through STING and subsequently activate the JAK1-STAT1 signaling indirectly ([@b8-molce-38-5-441]; [@b34-molce-38-5-441]). However, it remains unknown whether dsDNA can directly activate the JAK1-STAT1 signaling and the role of STING plays in this response. The data presented here address a negative role of STING in regulating the activation of JAK1-STAT1 signaling directly triggered by dsDNA. dsDNA can directly activate the JAK1-STAT1 signaling via Lyn, whereas STING inhibits this response by phosphorylating SHP-1/2.

The JAK1-STAT1 signaling is involved in a wide variety of intracellular responses, including cell differentiation and cell death, in addition to innate immunity ([@b13-molce-38-5-441]; [@b59-molce-38-5-441]). Thus, the regulation of JAK1-STAT1 signaling is complicated and remains to be elucidated. Given the importance of the JAK1-STAT1 signaling and dsDNA in the pathogenesis of SLE, we asked if dsDNA can directly activate the JAK1-STAT1 signaling. In this study, we transfected synthetic dsDNA poly(dA:dT), poly(dG:dC) and ISD into the BJAB cells and found that dsDNA could significantly induce the phosphorylation of JAK1 and STAT1 at 15 min and 30 min, indicating that dsDNA can directly trigger the activation of JAK1-STAT1 signaling in B cells.

In this study, dsDNA was transfected into B cells. As is known, genetic and environmental factors appear to contribute to the pathogenesis of SLE. They include a myriad of protagonists such as ultraviolet light (UVB), drugs, pollutants, vaccinations, smoking, vitamin D deficiency and microbial agents ([@b24-molce-38-5-441]; [@b35-molce-38-5-441]; [@b45-molce-38-5-441]; [@b48-molce-38-5-441]). Multiple bacterial and viral infections, a major cause of morbidity and mortality in SLE, have been documented in SLE both at presentation and during the course of the illness ([@b28-molce-38-5-441]; [@b43-molce-38-5-441]; [@b46-molce-38-5-441]). In common, they may use mechanisms that interact or modify innate and acquired immune responses that could facilitate autoimmunity. It is plausible that chronic infection by microorganisms or self-DNA released from necrotic or incompletely apoptosed cells, or possibly even cellular retrotransposons, may activate innate immune pathways which cause inflammation-aggravated autoimmunity ([@b2-molce-38-5-441]; [@b21-molce-38-5-441]; [@b54-molce-38-5-441]). The presence of self or foreign DNA in the cytoplasm is sensed by eukaryotic cells as a danger signal or a sign of foreign invasion ([@b7-molce-38-5-441]). DNA can be introduced into the cytoplasm by bacterial or viral infection, transfection, or 'leakage' from the nucleus or mitochondria under some pathological conditions that cause autoimmune diseases such as lupus ([@b61-molce-38-5-441]). Thus, we used the method that transfecting dsDNA directly into B cells in this study.

We have detected the expression of type I interferon production in BJAB cells upon dsDNA transfection. Transfection with poly(dA:dT) could not induce expression of IFN-α and IFN-β in BJAB cells, while it could induce the expression of IFN-α and IFN-β in human mesenchymal stem cell. Considering that BJAB cells are the human B-lymphoma cell line, we think that it is more adequate to explore the effect of dsDNA on type I interferon production in primary B cells. However, transfection efficiency of primary B cells is too low to explore the effect of dsDNA on type I interferon production.

With the use of Lyn inhibitor Saracatinib and siRNA against Lyn, we showed that poly(dA:dT)-induced activation of the JAK1-STAT1 signaling requires Lyn. However, further studies are needed to do to explore the mechanism of phosphorylation of Lyn triggered by dsDNA. To investigate whether dsDNA-triggered activation of the JAK1-STAT1 signaling is dependent on type I IFN receptors, we added a neutralizing antibody targeting type I IFN receptors to the culture medium. The blockade of type I IFN receptors resulted in suppression of IFN-α-mediated JAK1 phosphorylation, suggesting that the neutralizing antibody targeting IFNAR had sufficient activity to suppress IFNAR-dependent signaling. The neutralizing antibody targeting type I IFN receptor had no effect on dsDNA-activated JAK1-STAT1 signaling indicating that dsDNA directly activated the JAK1-STAT1 signaling in an IFNAR-independent manner.

Previous studies have shown that STING can indirectly promote the activation of JAK1-STAT1 signaling by promoting the production of type I IFN ([@b15-molce-38-5-441]). Interestingly, we found that STING inhibited the activation of JAK1-STAT1 signaling triggered by dsDNA. What's more, the silencing of DNA sensors, including AIM2, cGAS, LRRFIP1 and ZBP1, could promote the activation of JAK1-STAT1 signaling triggered by dsDNA. These results indicate that dsDNA-induced activation of the JAK1-STAT1 signaling does not depend on the DNA sensor-STING pathway which plays a negative role in dsDNA-activated JAK1-STAT1 signaling. This reveals dichotomous roles for STING in either stimulating or suppressing autoimmunity.

It has been shown that STING participates in the pathogenesis of many inflammatory diseases such as carcinogenesis, embryonic death and experimental autoimmune encephalitis ([@b3-molce-38-5-441]; [@b40-molce-38-5-441]). Here, we first reported that STING was low-expressed in B cell from patients with SLE and MRL/*lpr* mice. Given the negative role of STING in the activation of JAK1-STAT1 signaling triggered by dsDNA in B cells, low-expression of STING in B cells from patients with SLE and MRL/*lpr* mice may contribute to the pathogenesis of SLE by augmenting the activation of the JAK1-STAT1 signaling. What's more, we also found that BCR-, TLR7- and TLR9-mediated signaling pathways could down-regulate the expression of STING in human and murine primary B cells. As is known, the BCR-, TLR7- and TLR9- mediated signaling pathways are highly activated in SLE B cells ([@b6-molce-38-5-441]; [@b11-molce-38-5-441]; [@b19-molce-38-5-441]; [@b38-molce-38-5-441]), we think that these signaling pathways may contribute to the activation of JAK1-STAT1 signaling by down-regulating STING expression.

In conclusion, we identified the role of STING in regulating the activation of JAK1-STAT1 signaling directly triggered by dsDNA. This may be useful in underscoring the role of STING in the pathogenesis of SLE and identifying novel targets for SLE therapy.
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![dsDNA directly triggers the activation of JAK1-STAT1 signaling. (A) BJAB cells were tansfected with poly(dA:dT) (2 μg/ml), poly(dG:dC) (2 μg/ml) or ISD (2 μg/ml) for 6 h and the expression levels of IFIT1, IFI44, MX1 and OAS1 were detected by qPCR. (B) BJAB cells were tansfected with ISRE-luciferase reporter for 36 h and then tansfected with poly(dA:dT), poly(dG:dC) or ISD for 18 h. Luciferase assay analysis of the luciferase reporter gene activity. (C) BJAB cells were tansfected with poly(dA:dT), poly(dG:dC) or ISD for 15 min and 30 min. The phosphorylation of JAK1 and STAT1 were detected by Western blot. (D) BJAB cells were treated with JAK1 inhibitor Baricitinib or STAT1 inhibitor Fludarabine for 1 h prior to tansfection with poly(dA:dT), poly(dG:dC) or ISD for 6 h. The expression levels of IFIT1, IFI44, MX1 and OAS1 were detected by qPCR. The data shown represent the means of three independent experiments, and the error bars represent the s.e.m. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001; ns denotes *p* \> 0.05.](molce-38-5-441f1){#f1-molce-38-5-441}

![dsDNA-induced activation of the JAK1-STAT1 signaling requires Lyn and is independent of IFNAR. (A, B) BJAB cells were treated with the neutralizing antibody for the IFN-α/β receptor (Merck & Millipore) for 30 min prior to transfection with poly(dA:dT) or stimulation of IFN-α for 30 min or 6 h. The expression levels of IFIT1, MX1, OAS1 and IFI44 were detected at 6 h by qPCR (A). The phosphorylation of JAK1 was detected at 30 min by Western blot (B). (C, D) BJAB cells were treated with Lyn inhibitor Saracatinib for 1 h prior to tansfection with poly(dA:dT) for 30 min or 6 h. The expression levels of IFIT1, IFI44, MX1 and OAS1 were detected at 6 h by qPCR (C). The phosphorylation of JAK1 was detected at 30 min by Western blot (D). (E, F) BJAB cells were tansfected with si-Lyn or si-NC for 36 h and then tansfected with poly(dA:dT) for 30 min or 6 h. The expression levels of IFIT1, MX1, OAS1 and IFI44 were detected at 6 h by qPCR (E). The phosphorylation of JAK1 and STAT1 were detected at 30 min by Western blot (F). The data shown represent the means of three independent experiments, and the error bars represent the s.e.m. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001; ns denotes *p* \> 0.05.](molce-38-5-441f2){#f2-molce-38-5-441}

![STING inhibits dsDNA-induced activation of the JAK1-STAT1 signaling. (A, B) BJAB cells were tansfected with si-STING or si-NC for 36 h and then tansfected with poly(dA:dT) for 30 min or 6 h. The expression levels of IFIT1, MX1, OAS1 and IFI44 were detected at 6 h by qPCR (A). The phosphorylation of JAK1 was detected at 30 min by Western blot (B). (C, D) BJAB cells were tansfected with pcDNA3.1-STING or control plasmid for 36 h and then tansfected with poly(dA:dT) for 30 min or 6 h. The expression levels of IFIT1, IFI44, MX1 and OAS1 were detected at 6 h by qPCR (C). The phosphorylation of JAK1 and STAT1 were detected at 30 min by western blot (D). The data shown represent the means of three independent experiments, and the error bars represent the s.e.m. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001; ns denotes *p* \> 0.05.](molce-38-5-441f3){#f3-molce-38-5-441}

![STING inhibits dsDNA-activated JAK1-STAT1 signaling by phosphorylation of SHP-1/2. (A) BJAB cells were tansfected with si-STING or si-NC for 36 h and then tansfected with poly(dA:dT) for 15 min. The phosphorylation of SHP-1/2 was detected by Western blot. (B, C) BJAB cells were treated with SHP-1/2 inhibitor for 30 min prior to tansfection with poly(dA:dT). The expression levels of IFIT1, MX1, OAS1 and IFI44 were detected at 6 h by qPCR (B). The phosphorylation of JAK1 was detected at 30 min by Western blot (C). (D, E) BJAB cells were tansfected with pcDNA3.1-STING or control plasmid for 36 h. Then the cells were treated with SHP-1/2 inhibitor NSC-87877 for 30 min prior to tansfection with poly(dA:dT). The expression levels of IFIT1, MX1, OAS1 and IFI44 were detected at 6 h by qPCR (D). The phosphorylation of JAK1 was detected at 30 min by Western blot (E). The data shown represent the means of three independent experiments, and the error bars represent the s.e.m. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001; ns denotes *p* \> 0.05.](molce-38-5-441f4){#f4-molce-38-5-441}

![Low-expression of STING in B cells from patients with SLE and MRL/*lpr* mice. (A) FACS analysis of STING expression in B cells from patients with SLE (n = 8) and healthy donors (n = 8). (B) qPCR analysis of the expression of STING in B cells from MRL/*lpr* mice (n = 9) and wild-type mice (n = 10). (C) B cells were isolated from spleen of MRL/*lpr* mice (n = 6) and wild-type mice (n = 6). Western blot analysis of the phosphorylation levels of SHP-1/2 and JAK1. (D) BJAB cells were transfected with poly(dA:dT) for 8 h,16 h and 24 h. The expression of STING was analyzed by qPCR. (E) Isolated human CD19^+^ B cells were stimulated with TLR7 ligand R848 (1 μg/ml), TLR9 ligand CpG2006S (0.5 μM), human anti-IgM (10 μg/ml) and human IFN-α (1,000 U/ml) for 8 h and 16 h. The expression of STING was detected by qPCR. (F) Isolated murine splenic B cells were stimulated with TLR7 ligand R848 (1 μg/ml), TLR9 ligand CpG1826 (0.5 μM), mouse anti-IgM (10 μg/ml) and mouse IFN-α (1,000 U/ml) for 8 h and 16 h. The expression of STING was detected by qPCR. (G) Proposed regulatory pathway activated by dsDNA in B cells. The data shown represent the means of three independent experiments, and the error bars represent the s.e.m. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001; ns denotes *p* \> 0.05.](molce-38-5-441f5){#f5-molce-38-5-441}
